Although 16S rRNA gene (rDNA) sequencing is the gold standard for categorizing bacteria or characterizing microbial communities its clinical utility is limited by bias in metagenomic studies, in either the experiments or the data analyses. To evaluate the efficiency of current metagenomic methods, we sequenced seven simulated samples of ten bacterial species mixed at different concentrations. The V3 region of 16S rDNA was targeted and used to determine the distribution of bacterial species. The number of target sequences in individual simulated samples was in the range 1-1000 to provide a better reflection of natural microbial communities. However, for a given bacterial species present in the same proportion but at different concentrations, the observed percentage of 16S rDNAs was similar, except at very low concentrations that cannot be detected by real-time PCR. These results confirmed that the comparative microbiome in a sample characterized by 16S rDNA sequencing is sufficient to detect not only potential infectious pathogens, but also the relative proportion of 16S rDNA in the sample.
INTRODUCTION
Micro-organisms are ubiquitous in the environment and human body and the study of community structures and dynamics is a research hotspot (Huttenhower et al., 2012) . More than 99 % of micro-organisms in the environment are non-culturable (Kaeberlein et al., 2002) and the proportion of each species in a sample changes during culture as the culturable components of the sample grow. Generally, the best way to overcome the problems presented by non-culturable organisms is to detect genetic markers directly in a sample. The gene encoding 16S rRNA (16S rDNA) is the gold standard for the identification and classification of bacteria because of its high conservation within species, variation between species, and stable rate of evolution (Fox et al., 1977) ; it is also the preferred marker in microbial ecology (Ward et al., 1990) . Sequencing of 16S rDNA facilitates the discovery of novel bacteria in clinical microbiology laboratories (Woo et al., 2008) .
Next-generation sequencing technology (von Bubnoff, 2008; Mardis, 2008) enables us to sequence culturable and nonculturable microbes directly from samples, providing powerful insight into the microbial world (Wooley et al., 2010) . The 454 pyrosequencing and Solexa/Illumina iontorrent approaches are technologically matured and widely used in 16S rDNA sequencing (Mardis, 2008) . Target regions are PCR-amplified using universal primers and sequenced on high-throughput instruments. Most bioinformatics workflows start by trimming read data then calculating multiple alignment distances to cluster sequences into operational taxonomic units (OTUs), which are used to represent microbial diversity and mapped to the 16S rDNA database for taxonomic identification (Lozupone et al., 2006 (Lozupone et al., , 2011 Cole et al., 2009; Sun et al., 2009; Schloss & Handelsman, 2006; Griffen et al., 2011; Giongo et al., 2010) . These approaches have been used to study the microbial communities of the human gut (Peterson et al., 2008; Eckburg et al., 2005) , respiratory tract (Zhao et al., 2012; Charlson et al., 2010) , sea water (Gilbert et al., 2012) and soil (Roesch et al., 2007) . However, many factors cause the results to diverge from the true bacterial composition and it has thus far been impossible to correct for these divergences. First, it is difficult to obtain DNA of sufficient quality, and extraction methods differ in the efficiency with which they extract DNA from mixed samples, particularly those from the environment (Luna et al., 2006; Salonen et al., 2010; Terrat et al., 2012) . In addition, universal primer hybridization efficiency varies with template type, concentration, and distribution (Hong et al., 2009) . Nextgeneration sequencing technology is sufficiently random that low-frequency amplicons are less likely to yield sequences (Schloss et al., 2011) and different 16S rDNA variable regions and sequencing methods also influence the results (Claesson et al., 2010) . From DNA extraction to 16S rDNA sequencing is a black box in which efficiencies are unknown. Errors and their indeterminacy will reduce the efficiency of present metagenomic methods and limit their advanced application.
To evaluate the efficiency of current metagenomic sequencing approaches in detecting microbial composition, we designed serial experiments with simulated samples. Ten bacterial species were mixed in pure water at varying concentrations and proportions to simulate real samples. The results showed interesting and meaningful associations between simulated and actual sample compositions, which may be used to evaluate and optimize methods and data analysis. Deviations between the simulated and real sample results were surprisingly large. Even so, our results suggest our methods are reliable and valuable for microbial community research, although they require further validation.
METHODS
Bacterial strains. The ten bacterial species used in this study were chosen to represent a wide range of microbial and molecular properties. They included Gram-positive and Gram-negative bacteria, normal commensals of the gastrointestinal tract and pathogens. Genome sizes ranged from 2.53 to 5.28 Mb, G+C content ranged from 33 to 61.5 mol % and the copy number of rDNA operons ranged from five to ten (Table 1) . In order to more accurately simulate the actual conditions in real samples, we included Enterobacter aerogenes and Salmonella typhimurium, which have identical 16s rDNA sequences.
Sample preparation. All bacteria were grown on blood agar plates at 37 uC to obtain single bacterial colonies, which were then cultured in trypticase soy broth at 37 uC for 24 h before DNA extraction. Genomic DNA was extracted with a Promega kit. DNA concentrations were measured on a NanoDrop system and the 16S rDNA copy number per microlitre was calculated as follows; copies ml DNA was mixed in pure water to produce various concentrations and proportions of 16S rDNA copy number (Tables 1 and 2 ). All strains were mixed together at the same concentrations to compose samples S1 to S5 containing 10 6 and 10 7 c.f.u. ml
21
. Samples S6 and S7 are graded mixtures of species (Table 2) ; S7 contains the same species and proportions as S6, but at tenfold concentrations.
Library construction and sequencing. The 16S rDNA hypervariable region 3 (V3, length y200 bp) was amplified with a universal primer set (forward, 59-CCAGACTCCTACGGGAGGCAG-39; reverse, 59-CGTA-TTACCGCGGCTGCTG-39). All samples were amplified under the same conditions: denaturation at 94 uC, annealing at 51 uC and extension at 72 uC, all for 45 s with 25 cycles of amplification. After separation in a Composition analyses of metagenomic data. Bacterial compositions were analysed by directly mapping reads to full-length 16S rDNA sequences instead of clustering reads into OTUs. We did this to avoid errors that occur in bioinformatics flows (Barriuso et al., 2011; Hamady & Knight, 2009 ) that were not considered in this study. First, sequencing data were trimmed to reduce low-quality reads with more than two bases lower than Q13 by using PERL script, then were mapped to accurate reference sequences using BLAST and default parameters. Forward and reverse reads that exactly matched the reference were considered complete matches. The paired-end read numbers for each species were obtained and standardized to one million. Duplications of the 16S rDNA gene were considered and the copy number in each species was divided by read number to obtain the standardized bacterial number (SBN). Finally, the proportion of each species was calculated using the SBN of each species divided by the total SBN and the bacterial composition of each sample was obtained. By calculating the relative ratios for each species, the variations between measured and actual compositions were quantified, and a two-tailed paired t-test was carried out between relative ratios to evaluate the significance of variation using SPSS.
Multiple alignments were performed in MUSCLE and the phylogenic tree was reconstructed using the neighbour-joining method.
Ratios between accurate proportions (RAPs) were calculated by accurate proportions of S6 and S7 divided by the proportions of S1 to S5. Ratios between measured proportions (RMPs) were calculated by measured proportions of S6 and S7 divided by the proportions of S1 to S5.
RESULTS

Actual sample compositions and sequencing results
Ten bacterial species, namely, Lactococcus lactis, Yersinia enterocolitica, Citrobacter freundii, Enterobacter sakazakii, Aeromonas hydrophila, E. aerogenes, Serratia marcescens, Staphylococcus aureus, Salmonella typhimurium and Plesiomonas shigelloides were selected and mixed at varying concentrations to produce samples S1 to S7 (Table 2 ). In samples S1 to S5, each species contains the same 16S rDNA concentration; samples S6 and S7 are mixed gradient samples. Total 16S rDNA copies ranged from 10 3 to 10 9 copies ml 21 in all samples. These samples were used to evaluate the accuracy, specificity, and sensitivity of metagenomic analysis.
In our metagenomic study, we used the 16S rDNA V3 region to generate seven libraries for sequencing. The experiment yielded 6.5 million Illumina paired-end 100 bp reads. In all libraries, 62.72-99.65 % paired-end reads were mapped to references. Reads of eight species were unique (Table 3 ) and the bacterial numbers of each species were calculated (Table 4 ). The sequencing regions of E. aerogenes and Salmonella typhimurium are identical; therefore, their reads are indistinguishable (Fig. 1) . Hybridization sites in each species were compared and only one substitution on the fourth base of the forward primer (G to A) was confirmed in L. lactis (Fig. 1) , indicating that the primers were suitable for our purpose.
Comparison of measured and actual compositions
Measured composition in all samples. The results for S1 to S5 showed that even if the initial composition of the mixture is the same, measurements vary widely. In these samples, the SBNs of each species were distributed over a wide range, although all species were present in equal concentrations. The species with the highest SBN was E. sakazakii in S1 and P. shigelloides in S2 to S5 (Fig. 2a) . Two groups were observed: the SBNs of Y. enterocolitica, C. freundii, A. hydrophila and Staphylococcus aureus were stable in the first five samples and were defined as the stable group (S group); the other five species including L. lactis, E. sakazakii, Serratia marcescens and P. shigelloides were classified as the variable group (V group), which exhibited remarkably variable SBNs, and the total proportion of these five species was more than 95 %. The proportion of most species was clearly different between S1 and the other samples; in S2, the divergences became smaller; and in S3 to S5, the varying species proportions were indistinguishable (Fig. 2b) .
In the gradient mixed samples, S6 and S7, the measured compositions differed from the actual values. The actual initial proportions of Staphylococcus aureus and P. shigelloides were the same at 45 %. Even so, the measured proportions of Staphylococcus aureus were lowest in the V group, while P. shigelloides composed more than 99.5 % (Fig. 3a) .
The measured bacterial compositions of S6 and S7 were the same, although the concentrations of each species were tenfold greater in S7 than in S6. The similar results obtained for S1 to S5 suggest that some species, such as Staphylococcus aureus, are difficult to detect accurately with this approach. Since reads of E. aerogenes and Salmonella typhimurium cannot be distinguished and reads from the other eight species compose more than 99.7 % of the total, these two species had a negligible impact on the results for other species and were not included in the analyses of S1 to S7.
Quantitative comparison in equally proportioned samples
To evaluate the stability of measured compositions in equally proportioned samples S1 to S5, we studied the order of priority. For example, in S1, E. sakazakii appeared to be most prevalent; in S2 it was the second-most prevalent, third in S3, and fourth in S4 and S5 (Fig. 2c) . Similar results were observed for Staphylococcus aureus. Y. enterocolitica and A. hydrophila changed little and ranked penultimate, antepenultimate or last and their order was constant except in S1. The relative order of the remaining four species was unchanged. Therefore, for the eight species considered in our analysis, six remained stable as measured by the metagenomic approach. The exceptions were E. sakazakii and Staphylococcus aureus.
Relative ratio analysis also showed that the measured compositions were stable. For each species, link-relative ratios of proportion were calculated by the proportions in the higher concentration samples divided by those in the lower concentration samples one by one, so that four group ratios were obtained: S2/S1, S3/S2, S4/S3 and S5/S4. For each sample pair, the mean relative ratios of all species were 2.26±1.60, 1.13±0.75, 0.67±0.40 and 0.97±0.31, respectively (Fig. 2d) . As the total concentration increased, the mean ratios approached 1 and the ranges narrowed. Twotailed paired t-tests were performed between these groups of relative ratios; P-values were 0.046 between S2/S1 and S3/S2, 0.060 between S3/S2 and S4/S3 and 0.067 between S4/S3 and S5/S4. Therefore, the measured compositions of S2 to S5 were stable and the lowest concentration sample S1 was not.
Quantitative comparison between sample groups
A comparison of the equally proportioned samples S1 to S5 and the gradient samples S6 and S7 revealed a variable pattern and indicated that the actual proportion significantly altered the results. Relative ratios of each species in S6 and S7 versus those in S1 to S5 were calculated (Table 5) . Except for Y. enterocolitica and Staphylococcus aureus, the relationship between the RMP and RAP was nearly linear (Fig. 3b) . RMP approached 1 following RAP, revealing that the measured differences for the same species between samples are more accurate when the real proportions do not differ. However, if the proportional differences are more than 100-fold, the measured differences may be too large to be accepted. In addition, the RMP of Y. enterocolitica and Staphylococcus aureus ranged widely, while the reads for these species were few. Thus, if too few reads are obtained, the results will not be reliable.
DISCUSSION
Our results revealed that bacterial concentrations do not significantly affect measured compositions if they are above a certain level. In S1 to S5, total bacterial concentrations ranged from 10 3 to 10 7 c.f.u. ml 21 and all species were of equal proportion. For each species, the final proportions in S2 to S5 were distributed over a narrow range and the order was roughly stable. Stability was significant, particularly in S4 and S5; thus, in our study concentration was not the key factor if the concentration of one species was more than 10 3 c.f.u. ml
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. This can be explained by the high efficiency and sensitivity of the PCR, in which a concentration of more than 10 3 c.f.u. ml 21 is sufficient for efficient and stable amplification. In contrast, if the concentration of a species was lower than 10 3 c.f.u. ml 21 , the measured composition for more species was significantly affected. Therefore, it may be necessary to quantify total DNA in samples and set a suitable cut-off value to ensure that the concentrations of most species are over the threshold and to perform sample enrichment if they are not.
The impact of initial proportion was significant for some species. The results of gradient interpretation samples S6 and S7 were interesting. Since all species concentrations were more than 10 3 c.f.u. ml 21 in both samples, the measured composition was expected and verified to be stable. The analyses of relative ratio suggested that even if the initial concentration and proportion are different, the detection efficiency for the same species is stable if the proportional differences are not large enough and the obtained reads are abundant. Therefore, first, the absolute measured proportion of each species in a sample is not comparable because of the large divergence between species. Second, the stability of results for a single species suggests proportional differences of the same species between samples could be used to measure changes in bacterial communities. Third, the quality of sequencing and species characteristics must be evaluated carefully when using real samples.
To avoid excessive confounding factors, we used normal enteric bacteria and the variation in primer sites was small. However, in real samples, especially those from the environment, there are too many non-culturable species and diversity in the conserved regions of 16S rDNA is unknown, but predicted to be larger than what we have observed (Wang & Qian, 2009 ). Primer-binding efficiency is difficult to evaluate because there are few methods for studying non-culturable species and primers are based on known species.
Several researchers have suggested that primers have a remarkable impact on bacterial community studies and primers with low sensitivity may lose half the diversity in a sample (Wooley et al., 2010) . Primer evaluation has been addressed in a number of studies and tools are being Comparison of actual and simulated microbiomes developed to help researchers design primers that are more efficient. In this study, we chose the V3 region and a primer pair that has been widely used and with confirmed high efficiency (Yang et al., 2009) to simplify the experiment and focus our efforts on the total efficiency of the workflow. Furthermore, the variation in primer-binding sites was few, so the primers should not have a vital impact on the results of the study.
Many factors could affect the detection efficiency and we did not evaluate these factors one by one. Since the DNA extraction kit is highly efficient, the primers are suitable, and randomness in the metagenomic method does not produce spurious deviations; the secondary DNA structures in each species may be contributing variable factors, especially in the regions of 16S rDNA. Many secondary structures of 16S rDNA have been reported, such as reversed repeat sequences and hairpins, which differ between species (Nelson et al., 2010) . These structures may influence primer binding and extension efficiency and could explain the variable detection efficiency in all samples.
Real samples are far more complex than the simulated ones used in this study. They contain many more species of bacteria, diverse chemical components, and cells or DNA from other organisms. We used two bacterial species that cannot be distinguished to simulate such a mixture, but the reads for these species were quite few. Other impact factors should be addressed in future studies. However, our results showed a significant deviation between measured and real compositions but confirmed the stability of detection using metagenomic methods. Thus, the absolute proportions may not be accurate, but the changes between samples could be used to study variation in the microbiome of a single environment over time. Comparison of actual and simulated microbiomes
